Abstract-Nuclear Quadrupole Resonance (NQR) signal detection is a promising explosives detection technology with applications to humanitarian demining. NQR works in the radiofrequency range, and one challenge to using it in such an application is coping with radiofrequency interference. We herein present an algorithm that cancels strong and complex radiofrequency interference (either stationary or nonstationary) improving the utility of NQR-based landmine detection in humanitarian demining. The algorithm has been tested on both simulated and measured data, and demonstrates good performance in NQR detection, in the presence of strong and complex interference.
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I. INTRODUCTION
Landmines and other explosives remnants of conflict cause thousands of casualties and keep millions of acres of land out-of-use long after conflicts end. Current approaches detect anomalies mine-like objects or metal in the ground or use animals (dogs, rats, bees) to sniff for traces of explosives vapour, but it has long been recognized that there is a need in some scenarios (cluttered terrain, ground contaminated with trace explosives from detonations) for an approach that directly detects the presence of bulk explosives.
Nuclear quadrupole resonance (NQR) signal detection has been a useful approach for detecting landmines in recent years [1] - [4] . The explosives can be revealed by transmitting an electromagnetic pulse sequence, as their quadrupolar nuclei resonate and emit the corresponding NQR signal. This technique has high sensitivity and suffers from very few false alarms from misleading objects, because NQR signal has unique features for each explosive material. However, this signal is usually very weak compared to background noise and decays rapidly with time. More seriously, strong and complex interference can easily conceal the NQR signal and is very hard to remove from the acquired data.
An important technique called "echo train" [5] , [6] was proposed for promoting NQR data acquisition as well as increasing the signal to noise ratio (SNR). NQR data was traditionally recorded by a single spectrometer. This is not very efficient as for each data acquisition, the spectrometer usually needs a long relax time which is larger than the duration of a fast-decaying NQR signal. By echoing the NQR signal periodically, the "echo train" technique retrieves the NQR signal intensity and initial phase in each echo, and completes the relax time with data of echoes. Besides, the homogeneous initial phase among the echoes suggests that NQR signal in all the echoes of data can be added coherently as opposed to the stochastic noise and interference. Thus the summed data has a higher SNR.
This method however is limited as data collection time is usually prohibitively long in reality, especially in humanitarian demining and security checking [2] . In addition, interference can not be eradicated simply by data summing. So, useful algorithms are needed for proceeding NQR detection after data acquisition. Algorithms based on NQR parameter estimation methods [7] , [8] show good performance and robustness on low SNR and weak interference situations. However, the main difficulty of NQR detection lies on canceling strong and complex interference which may be nonstationary and has frequencies which are very close to or even coincide with NQR frequencies.
Multichannel analysis is a popular method for interference cancelation [9] . In this method, one channel acquires primary data meanwhile the other channels measure interference and noise. However, it is not easy to implement this method in instrumentation or algorithm aspect. Channels may not be isotropic due to calibration errors, and there may be complex phase difference among data acquired by each channel. This method has its limitations in humanitarian demining where equipments/devices must be portable.
Based on single channel premise, we proposed an algorithm which can effectively cancel strong and complex interference. This algorithm estimates the interference components using cost function and approximates the entire interference in acquired data using Fourier basis or wavelets basis. In particular, this algorithm has Fourier basis version for stationary interference and wavelets basis version for nonstationary interference, respectively. The theory of this algorithm has been presented elsewhere in detail [10] , [11] . As we know, simple interference, which is stationary or slightly nonstationary and has frequencies which are far from NQR frequencies, can 978-1-5090-6132-7/16/$31.00 c 2016 Crown be canceled using a frequency selective method [8] , [12] . The proposed algorithm can well describe the features of stationary or nonstationary interference, and deal with the overlap between interference and NQR signal, while plain Fourier analysis as well as the related frequency selective methods can not. The proposed interference cancelation (IC) algorithm can be coupled with the well known approximate maximum likelihood (AML) algorithm (based on parameter estimation) [7] facilitating valid NQR detection. This combination is accordingly termed ICAML.
In the next section, we give a summary of ICAML algorithm. In Section III, we assess the performance of ICAML algorithm applied to both simulated data and experimental data. We will summarize the main results in the last section.
II. SUMMARY OF ICAML ALGORITHM
In the echo-train system for data acquisition, the NQR signal can be modeled after echo summing [5] as
where t=t 0 ,...,t N −1 is the N points echo sampling time with the symmetric center to be t sp , µ=2t sp is the echo spacing, and A k , T * k , andf k are the amplitude, damping time, and frequency of the kth component, respectively. The raw data in vector form can be written as
where N N and R N are the noise and interference parts, respectively. The signal part Y N satisfies
where A and Q N are the amplitude vector and phase matrix respectively, given by,
where (.) T denotes the transpose, and
ICAML algorithm chooses Fourier basis or wavelets basis to precisely approximate stationary or nonstationary interference, respectively [10] , [11] . Using cost functions, ICAML is able to determine an optimum basis functions set whose linear combination can effectively model interference. The interference cancelled data Z
where V mi , i=1,2,...,l are the selected basis functions, and (.) † denotes the Moore-Penrose pseudo-inverse. After interference cancellation, ICAML applies the approximate maximum likelihood (AML) method to Z (l) N to identify the existence of the NQR signal [7] .
where (.) † denotes the Moore-Penrose pseudo-inverse, yielding the likelihood function
where (.) H denotes the conjugate transpose. Then we can obtain the estimatedf k and T * k
where seekingf k and T * k is respectively among all the possible values off k and T * under immediate environment conditions based on knowledge of NQR theory [13] . Hencê
N . The acquiredf k andT * k can be substituted into the AML test statistic [14] ,
(10) By predetermining a threshold value γ, the NQR signal is deemed present if and only if T Z 
III. PERFORMANCE ASSESSMENT OF THE ICAML

ALGORITHM
This section presents simulated and experimental data to validate the ICAML algorithm. Results are compared to those produced by previously proposed algorithms AML, FSAML [7] , [12] .
We examines detection of the 14 N NQR signal due to sodium nitrite (NaNO 2 ). Under our lab conditions, (NaNO 2 ) has only one resonant frequencyf about 1.0365MHz. All possible values off is denoted as "NQR band". The frequencies of interference we consider are all centered outside the NQR band. Since the NQR band is very narrow and interference confined only inside the NQR band is very rare and may be filtered in a physical way.
To imitate a landmine, we let a piece of solid NaNO 2 suspended in silicone oil served in a sealed plastic box which is buried under soil. The other box without NaNO 2 is also prepared for testing probability of false alarms. Data is recorded by a spectrometer with a sampling frequency f s = 1 16µs and sampling points N =128 per echo. In the measurements, the frequency band − 
A. Simulated data with stationary interference
In this subsection, we apply the ICAML algorithm to simulated data that corresponds to the landmine detection problem described above. A simulated data set containing 100 Monte Carlo runs is created, where the NQR signal amplitude is 1 and the noise is circularly symmetric zero-mean Gaussian white noise with variance being 0.25. Simulated stationary interference is added into this set, which contains multiple frequency components. All these components have their constant frequencies and amplitudes, as well as random initial phases among the 100 runs. In particular, frequencies of some components are very close to the NQR band causing strong overlap between NQR signal and these interference components (see Fig. 1 ). Since the interference is stationary, the Fourier basis version of the ICAML is better than the wavelets basis version in this case. As shown in Fig. 1 , the difference between the original "NQR signal + noise" data and the interference canceled data is very small in both time and frequency domains, which shows that the interference is nicely extracted and removed by ICAML algorithm. Receiver operating characteristic (ROC) curves are shown in Fig. 2 . Although the interference can not be handled by the classic AML algorithm, the ICAML algorithm effectively cancels the interference thereby facilitating valid NQR detection. AML's frequency selective (FS) version FSAML alleviates the influence of interference. However, the main limitation of the FS method is that FS can hardly cope with the overlap between the NQR signal and interference [10] .
B. Simulated data with nonstationary interference In this subsection, interference added into the previous simulated data set is nonstationary containing multiple frequency components which all have time-varying frequencies and amplitudes, as well as random initial phases among the 100 runs. In particular, the interference appears intermittently along the time axis, and its spectrum is close to the NQR band causing strong overlap between NQR signal and interference (see Fig. 3 ). To deal with the time-varying properties of interference, it is necessary to select wavelets basis version of ICAML for interference cancellation. The results in Fig. 3 show that wavelets basis version performs better than Fourier basis version in extracting the time-varying interference [11] . This is further confirmed by comparing the ROC curves in Fig. 4 , which suggests that wavelets basis is a nice choice for dealing with nonstationary interference when Fourier basis loses performance. Our experimental data set includes 100 runs. The interference we encountered is nonstationary. A time-frequency analysis on the experimental data (see Fig. 5 ) confirms the nonstationary properties of interference in the data. For this experimental case, both Fourier basis and wavelets basis can handle the interference well and the ICAML algorithm makes good NQR detection (see Figs. 6 and 7) . According to our numerical tests, Fourier basis version has robustness on nonstationary interference to some extent. However, wavelets basis version exhibits better performance as it is more suitable than Fourier basis version for dealing with nonstationary interference.
C. Experimental data test
D. Detecting the NQR signals of TNT
As TNT is a very common explosive used in landmines, it is worth applying the current algorithm for detecting TNT NQR signals. To test our algorithm for TNT detection, we used realistic TNT NQR signal simulations provided by Lund University, and mix them with our simulated stochastic noise and nonstationary interference to create 100 monte carlo data. The interference cancellation results are shown in Fig. (8) . As we can see, TNT NQR signal has 4 frequency components. After interference cancellation, the 4 NQR peaks are nicely recovered by wavelet basis version. Figure. 9 shows the almost perfect detection performance of wavelet basis version. Besides, Fourier basis version presents its robustness of detecting NQR signal in this case.
IV. CONCLUSION
This paper introduces a novel interference cancelation method which can improve NQR signal detection in a background containing strong and complex interference (either stationary or nonstationary). The method can be coupled with the classic NQR detection algorithm approximate maximum likelihood (AML) which assumes the NQR signal is only accompanied with noise, yielding the proposed algorithm ICAML. Both simulated data (including TNT case) and experimental data prove that ICAML algorithm can effectively cancel strong and complex interference and make good NQR detection. Thus ICAML is recommended for real-life demining tasks.
